Xe MRI depicting 3D ventilation, interstitial barrier uptake, and transfer to red blood cells (RBCs) has emerged as a powerful new means of detecting pulmonary disease. However, given the challenging susceptibility environment of the lung, such gas transfer imaging has, thus far, only been implemented at 1.5T. Here, we seek to demonstrate the feasibility of Dixon-based 129 Xe gas transfer MRI at 3T.
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| I NT ROD UCTI ON
Enabled by its solubility and large chemical shift range, hyperpolarized 129 Xe is increasingly used to characterize pulmonary gas transfer. Its unique properties enable 3D imaging of the 129 Xe distribution in the airspaces, interstitial barrier tissues, and red blood cells (RBCs) in a single breath-hold scan. This capability was first applied in studying obstructive lung diseases such as asthma and chronic obstructive pulmonary diseases (COPD), 1 and more recently has been used to characterize gas transfer impairment in idiopathic pulmonary fibrosis (IPF), 2,3 radiation therapy (RT), 4, 5 and pulmonary vascular disease. 6 The most common implementations of 129 Xe gas transfer MRI involve selective excitation of the gas-and dissolvedphase 129 Xe compartments and encoding them using a 3D-radial scheme. Subsequently, the dissolved-phase image must be decomposed into its barrier and RBC components. This was first achieved in the pioneering work of Qing et al. 7 by using a multi-echo hierarchical IDEAL approach. However, this required obtaining at least 3 dissolved phase TEs, the longest of which was 3.98 ms, nearly twice the estimated T Ã 2 ($2 ms) of 129 Xe dissolved in alveolar septa. 7, 8 Therefore, Kaushik et al. 9 proposed an alternative approach to separate the barrier and RBC images using only a single acquisition with submillisecond TE. This approach interleaves the radial encoding of the gas and dissolved-phase resonances and adds a calibration step to ensure that the center of k-space is acquired at an echo time (TE 90 ) when the RBC and barrier resonances are 908 out of phase. These are cast into the real and imaginary image channels by applying a global phase shift. Despite the increasing importance of 129 Xe gas transfer MRI, these techniques have only been implemented at 1.5T. However, 129 Xe MRI requires multinuclear imaging capabilities, which vendors are increasingly transitioning to their 3T platforms. Unfortunately, at 3T, the T Ã 2 of dissolved phase 129 Xe is expected to decrease to $1 ms, making it unclear whether RBC and barrier compartments can still be separated with sufficient SNR. Specifically, it is necessary to image at short TE, while still achieving 908 phase separation between RBC and barrier, and limiting their continued phase dispersion and T Ã 2 decay during read-out. Moreover, this must be done while avoiding contamination of the weak dissolved signal by off-resonance excitation from the much larger gasphase magnetization. Therefore, the objective of this work was to develop and characterize a robust implementation for Dixon-based 129 Xe gas transfer MRI that could be deployed on 3T scanners.
| ME THO DS

| Subject inclusion and exclusion criteria
The study was conducted under approval of the Duke University Institutional Review Board and FDA investigational new drug (IND) application #109,490. All subjects provided written informed consent before the scan. Healthy subjects (N 5 7, age 5 25.7 6 4.8 y/o) were first recruited to optimize the spectroscopy and imaging parameters. Subsequently, representative images were obtained from a COPD patient (54 y/o), an IPF patient (64 y/o), a non-small cell lung cancer (NSCLC) patient who had undergone RT (66 y/o), a patient with pulmonary arterial hypertension (PAH, 42 y/o), a patient with chronic thromboembolic pulmonary hypertension (CTEPH, 66 y/o), and a heterozygote carrier of alpha-1 antitrypsin deficiency (59 y/o). The healthy subjects had no history of smoking and no diagnosed pulmonary disorders. Subjects were excluded if pregnant or lactating, had a history of cardiac arrhythmias, or had a respiratory illness within 30 d of MRI.
| 129
Xe polarization and delivery
Isotopically enriched 129
Xe (86%) in volumes of 700 mL were polarized via rubidium-vapor spin-exchange optical pumping 10 using a commercially available polarizer (Model 9810, Polarean, Durham, NC). After hyperpolarization,
129
Xe was cryogenically accumulated and thawed into a Tedlar bag. The dose was then supplemented with ultrahigh-purity nitrogen gas to fill the bag to its full 1 L volume and stored in the 20 Gauss holding field of a polarization measurement station (Model 2881, Polarean). This was also used to measure the 129 Xe polarization of each dose immediately before being delivered to the patient. Polarization was 20 6 3% for this study, which in combination with 700 mL xenon volumes and 86% enrichment, yielded dose equivalents of 120 6 18 mL. 11 2.3 | Optimal RF pulse duration to limit off-resonance excitation All spectra and images were acquired on a 3T Siemens Magnetom Trio scanner (VB19) (Siemens Healthcare, Erlangen, Germany). Subjects were fitted in a quadrature Xe resonances. Because the dissolved magnetization is $1-2% of the gas-phase signal, 12 it must be selectively excited to avoid off-resonance corruption. However, because the dissolved resonances have very short T Ã 2 ($1 ms anticipated at 3T), selective excitation must be achieved using the shortest possible RF pulse to allow the read-out occur before substantial loss of transverse signal. Because the off-resonance excitation profile will inevitably be distorted by the RF power amplifier, it was evaluated empirically by acquiring gas-phase 129 Xe spectra from hyperpolarized 129 Xe in a Tedlar bag placed in a torso loader shell. The RF transmit frequency was centered 17431 Hz (218 ppm) above the gas-phase resonance, and 208 sinc pulses were applied with pulse durations varying from 0.25 to 0.80 ms. The amount of gas-phase 129 Xe signal was measured to identify the minimum pulse length that yielded acceptable off-resonance signal. The off-resonance gas excitation was quantified as a percentage of signal obtained by applying a 208 excitation directly on-resonance.
| In vivo spectroscopic calibration of frequency, transmit and echo time
A spectroscopic 129 Xe calibration scan was first obtained to determine frequency, transmitter reference voltage, and the TE 90 . This spectrum used a 0.69 ms 1-lobe sinc pulse, with a target flip angle of 208, acquired at TE 5 0.45 ms. Here, TE was defined from the center of the RF excitation pulse to the start of ADC sampling and represented the minimum value at which T/R switching was complete. The spectrum consisted of 2 parts: 200 spectra acquired with excitation on the RBC resonance (shifted 17431 Hz from gas-phase) and 20 spectra on the gas resonance (0 Hz shift). All spectra were acquired at TR 5 73 ms, with 512 samples, 10 kHz bandwidth, and were followed by a gradient crusher. The first 100 dissolved-phase spectra were discarded and the remaining 100 were averaged and fit in the time domain to determine the frequency and phase separation between the barrier and RBC resonances. 13 These values were used to calculate the TE 90 . The final 20 spectra of the gas-phase resonance were used to establish its frequency and the necessary transmitter reference voltage for subsequent 129 Xe images. In a subset of participants, calibration spectra were acquired with pulse durations ranging from 0.5-1 ms to characterize off-resonance gas-phase excitation in vivo.
| Acquisition of Dixon-based 129
Xe gas transfer images Gas transfer images were acquired during a 16 s breath-hold, as depicted in Figure 1A . Both gas-and dissolved-phase compartments were encoded by 3D radial imaging, with 1000 radial projections each, 64 samples per projection, TE/TR 5 TE 90 /7.5 ms, FOV 5 36-40 cm, bandwidth 5 800 Hz/pixel (dwell time-5 9.8 us), flip angles 5 $0.5/208; the frequency offset for dissolved-phase excitation was 17431 Hz. The radial rays are deployed such that their end-points are distributed in 3-D kspace, following an Archimedean spiral pattern. However, their order of acquisition was randomized by their polar angle F IGUR E 1 (a) The 3D radial sequence consists of 1000 interleaved radial acquisitions each of the gas and dissolved distributions, followed by a single dissolved-phase spectrum. (b). The radial rays are deployed in temporally random order, with end-points that follow an Archimedean spiral distribution on completion of the acquisition
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according to a Halton random sequence 14, 15 to confer robustness against exhalation or motion. This, in turn, also randomizes the azimuthal angle and, as shown in Figure 1B , this semirandom trajectory converges to a homogenous distribution. The readout gradients were delayed slightly (24 ms) beyond their intrinsic delay times to ensure that k 5 0 was fully sampled before gradient encoding started. Each radial read-out was followed with an x-gradient crusher to de-phase residual gas-phase magnetization. Immediately after image encoding, a single dissolved-phase 129 Xe spectrum, consisting of 256 samples, was acquired using the same 208 flip angle. This spectrum, obtained during the same breath-hold, could be used to derive the global, steady-state RBC-barrier ratio, exactly corresponding to the TR and flip angle used for imaging.
To 
| Image reconstruction and quantification.
129
Xe gas transfer images were reconstructed offline and decomposed into gas, barrier, and RBC images, 9 with several refinements. All radial free induction decays (FIDs) first underwent a third-order 1D median filter to suppress noise. The dissolved-phase views were reconstructed with a kernel sharpness of 0.14. 16 The gas-phase views were reconstructed using the same kernel to match resolution, as well as being reconstructed a second time with a sharper kernel (0.32) to generate a higher resolution ventilation image. The dissolved-phase image was then further decomposed by phase-shifting to align the RBC and barrier signals to the real and imaginary image channels. The phase shift was applied such that the ratio of real to imaginary image intensities within the thoracic cavity matched the RBC-barrier ratio derived from the spectrum. These 2 channels were then further corrected for B 0 inhomogeneity using a phase map derived from the gas-phase 129 Xe image. All images were reconstructed onto 128 3 128 3 128 matrices.
| Image quantification and visualization
Ventilation, barrier uptake, and RBC transfer images were quantified using color binning as previously described by Wang et al. 2 Each bin encompassed 1 SD of the corresponding distribution derived from a healthy reference population. 2, 17 Briefly, the high-resolution gas phase image was normalized by its top percentile and divided into 6 equal bins to create a ventilation map. 18 The barrier and RBC images were each divided, on a voxel-by-voxel basis, by the resolution-matched gas image to create barrier-gas and RBC-gas ratio maps. The barrier-gas and RBC-gas maps were then cast into discreet color bins (8 for barrier and 6 for RBC). All 3 maps (ventilation, barrier uptake, and RBC transfer) were quantified according to the fraction of voxels falling into the lowest bin (defect), the second lowest bin (low) and the 2 highest bins (high). Each fraction was reported relative to the thoracic cavity volume.
| RES U LTS
Image SNR for the ventilation (high resolution), barrier, and RBC images were 11.7 6 4.5, 9.2 6 4.5, and 2.9 6 1.5, respectively. Figure 2 shows how sinc pulse duration affects the degree of off-resonance gas-phase excitation. When probing the gas-phase
| On-resonance FIDs and off-resonance excitation
129
Xe in the bag, with the transmit frequency 17431 Hz above the gas resonance, the off-resonance excitation exhibited several local minima. However, a pulse duration of 0.69 ms generated the lowest gas excitation (0.03%). Testing these pulse durations in healthy subjects confirmed that 0.69 ms also minimized off-resonance excitation in vivo. Over a cohort of 17 scans with 0.69 ms pulse duration, the average off-resonance gas-phase signal was 3.0 6 0.3% that of the dissolved-phase signal.
| 129
Xe dissolved-phase spectroscopic line shapes at 3T
A representative dissolved-phase 129 Xe spectrum from a healthy subject and associated curve-fit 13 to extract its spectral profile is shown in Figure 3A . The line-shape parameters derived from the entire cohort of healthy volunteers are shown in Figure 3B . Relative to the gas-phase resonance, the RBC and barrier frequencies were shifted by 217.6 6 0.6 ppm and 197.8 6 0.2 ppm, with linewidths of 8.3 6 0.2 ppm and 7.6 6 0.2 ppm, respectively. The RBC linewidth suggests a lower bound of T Ã 2 $1.1 ms. The gas-phase linewidth was found to be 1.31 6 0.03 ppm, implying a lower limit on its T Ã 2 of $8.0 ms. Figure 4C shows the reconstruction of the ventilation (gas) and Dixon-decomposed barrier and RBC images for a healthy subject before B 0 inhomogeneity correction. These initial barrier and RBC images are then further corrected by small local phase shifts estimated from a phase map generated from the gas image. These corrections are typically modest (SD 5 9.88 across the lung); in this example the correction is most prominent in the left lower lung.
| Representative magnetization dynamics and raw separated images
F IGUR E 3 (A) The representative 129
Xe spectrum for a healthy subject at 3T (magnitude view). (B). The average dissolved-phase spectroscopic line-shape parameters with phase shift removed for the 7 healthy volunteers F IGUR E 2 (A) Off-resonance gas excitation versus pulse duration from gas-phase 129 Xe in a bag. (B). In vivo off-resonance gas excitation vs. pulse duration. (C). Representative dissolved-phase spectra of 1 healthy subject with optimum 0.69-ms pulse duration and 1 healthy subject with non-optimal 0.64-ms pulse duration Figure 5 shows representative, quantitative color maps of regional ventilation, barrier uptake, and RBC transfer for patients with different pulmonary disorders. The healthy subject exhibits ventilation, barrier uptake, and RBC transfer confined largely to the normal (green) range, without substantial defects. The COPD patient shows distinct ventilation defects (red), with relatively normal barrier and RBC values, in the remaining ventilated lung. The IPF patient exhibits increased barrier uptake (pink/purple), with focal RBC transfer defects (red) near the lung bases. The RT patient exhibits high barrier uptake in the left lung that received the majority of the therapeutic radiation dose, as well as some RBC defects at the bases of both lungs. The PAH patient exhibits relatively normal barrier uptake, but striking RBC transfer defect in the posterior lung. Similarly, the CTEPH patient shows a major RBC defect in the right lung base, but also significantly increased barrier uptake.
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| Representative ratio maps at 3T for various pulmonary disorders
| D IS C US S I ON
| 129
Xe spectral structure at 3T is capable of Dixon-based decomposition On the other hand, the gas-phase linewidth of 1.31 6 0.03 ppm, suggests a lower limit of T Ã 2 $8.0 ms, which is considerably shorter than the 18 6 6 ms reported by Xu et al. 19 from multi-echo imaging in 2 healthy males. This suggests that for the longer-lived gas phase transverse magnetization, it is likely necessary to map T Ã 2 regionally to improve accuracy. Xe was achieved with a simple 0.69 ms 1-lobe sinc pulse, while generating only 0.03% off-resonance gas-phase signal in vitro. In human subjects, off-resonance contamination led to gas-phase signals that were 3.0 6 0.3% of the dissolved phase. Given that the gas-phase pool is $50 3 larger, 12 this suggests the excitation was limited to $0.06%. This surpassed the suppression achieved in our previous 1.5T implementation (10.3 6 1.6% gas/dissolved or $ 0.20% excitation) and is likely We note that off-resonance excitation could be greater in patients who load the coil more significantly, and therefore require higher transmit power. However, no such trend was observed in this small cohort. Importantly, the short, frequency-selective pulse duration enabled the read out to commence at TE as short as 0.45 ms. This is slightly earlier than the window at which RBC and barrier are 908 out of phase, which was found to be TE 90 5 0.47 6 0.02 ms across the cohort. This represents a smaller variability than seen in our 1.5 T work 2 (TE 90 5 1.00 6 0.06 ms in healthy volunteers) and may again be attributable to less exchange occurring prior to the short echo time. However, because TE 90 plays a critical role in decomposing barrier and RBC compartment, it remains important to develop a fundamental understanding of why it varies across subjects and why it deviates from 0.37 ms that would be predicted from a simple calculation based on the RBC-barrier frequency difference. 21 4.3 | Key refinements-rapid read-out, single-axis crushers, view randomization, and integrated gas transfer spectrum
Analysis of the RBC line-shape suggests T Ã 2 $1.1 ms, which requires a rapid read-out. In our case, the read-out was 1.25 ms. 22 However, the dissolved phase signal was driven to the noise floor after encoding $32 points (within $0.3 ms). During this period, the continued additional phase accumulation between RBC and barrier was limited to <1008, similar to what was achieved in our prior 1.5T work. Although the dissolved signal was captured within 32 points, the longer readout was beneficial for encoding the higher spatial frequencies of the stronger gas-phase signal. This allowed ventilation images to be reconstructed at higher resolution. However, the longer T2* of the gas-phase signal also required its residual transverse magnetization to be spoiled, lest it contaminate the ensuing dissolved phase view 7.5 ms later. This was done by applying gradient crushers along a single fixed axis rather than along the read-out direction. This was important because view randomization caused opposite hemispheres of k-space to be alternately sampled, which has the potential to unwind much of the previous crusher if it were simply applied along the encoding direction. The effectiveness of crushing along a fixed axis was evidenced by the monotonic decay of magnetization seen in the raw FIDs. An important refinement to the initial published method was to integrate the whole-lung 129 Xe gas transfer spectrum for RBC-barrier ratio determination into the imaging sequence. This ensured that the RBC-barrier ratio used for Dixon decomposition reflected not only the same breath-hold maneuver, but also the same steady-state TR and flip angle conditions of imaging. Figure 6 shows ventilation and gas transfer maps from a single patient who was evaluated both on our 1.5T GE system and 3T. In this patient, who carries a single copy of the alpha-1 antitrypsin deficiency mutation (a heterozygote), the maps, although obtained 21 months apart, show good consistency across the two field strengths and MRI platforms. Specifically, on both scans, the patient exhibits distinct RBC transfer defects at the lung bases, providing encouragement that 129 Xe gas transfer MRI is portable across field strengths and vendor platforms. The patient also exhibited somewhat elevated barrier uptake, which increased in right lung at 3T. Given that 21 months elapsed between scans, this could indicate a progressing inflammatory process. 
| Consistency from 1.5 to 3T
| Study limitations and opportunities for refinement
This initial study of transitioning 129
Xe gas transfer MRI to 3T reveals several limitations and opportunities for improvement. For 1 patient, the TE 90 indicated by spectroscopy was slightly shorter ($ 0.05 ms) than the minimum achievable TE of 0.45 ms; hence Dixon decomposition would be imperfect for this case. It is possible to decrease the minimum TE to 0.38 ms, by decreasing the sinc pulse duration to its next local minimum $ 0.55 ms, at the cost of modestly increased gas-phase excitation. Alternatively, a more sophisticated RF profile could be used to shorten TE without increasing gas-phase excitation. 23 In addition, the gas-phase excitation problem could be obviated by instead using a multiple-echo scheme to image all the compartments with each radial view as suggested by Kammerman 24 This approach exploits the fact that at longer echo time, only off-resonance gas-phase signal will persist, owing to its longer T Ã 2 . In fact, given the short dissolved-phase T2*, this method may perform even better at 3T.
One limitation of this one-point Dixon-based decomposition is that the RBC and barrier compartments continue to accumulate phase during the readout. Therefore, the compartments are only truly separable at k 5 0. In our work, the continued phase accumulation is $1008 over the time of meaningful dissolved-phase encoding, which is similar to our 1.5T work. It is possible that Dixon separation could be improved by encoding even more rapidly, although the required bandwidths would degrade the already modest SNR. Methods such as IDEAL could address this issue, however, their requirement for multiple echoes is difficult to meet at 3T.
Finally, it should be noted that the quantitative maps (such as seen in Figures 5 and 6 ) were generated using reference distributions derived from our 1.5T healthy cohort. To first order, these distributions should depend primarily on the number of views and relative flip angles between gas and dissolved compartments, and these were kept identical. However, it is conceivable that different effects of T Ã 2 and read-out bandwidth could somewhat alter these distributions. It will clearly be valuable to obtain a new reference distribution in a healthy cohort at 3T. Ultimately, such data must also be combined with tests of reproducibility and the effect of lung inflation.
| C ONCL US I ON
These preliminary results indicate that 129 Xe gas transfer MRI is not only feasible at 3T, but that its exquisite sensitivity to a wide range of pathology has been preserved. Although this work would benefit from imaging a larger cohort of patients at both field strengths, 129 Xe gas transfer MRI should prove to be a powerful addition to the functional imaging arsenal that is now poised for dissemination across field strengths and vendor platforms.
